During the period spanning the 1970s and1980s, countries in the West African Sahel experienced severe drought. Its impact on agriculture and ecosystems has highlighted the importance of monitoring the Sahelian rainy season. In Sahelian countries such as Mali, rainfall is the major determinant of crop production. Unfortunately, rainfall is highly variable in time and space. Therefore, this study is conducted to analyze and forecast the impact of climatic parameters on the rain-fed rice yield cultivation in the Office Riz Mopti region. The data were collected from satellite imagery, archived meteorology data, yield and rice characteristics. The study employed Hanning filter to highlight interannual fluctuation, a test of Pettitt and the standardized precipitation index (SPI) to analyze the rainfall variability. Climate change scenarios under the RCP 8.5 scenario (HadGEM-2 ES) and agroclimatic (Cropwat) model are carried out to simulate the future climate and its impact on rice yields. The results of satellite image classifications of 1986 and 2016 show an increase of rice fields with a noticeable decrease of bare soil. The analysis of the SPI reveals that over the 30 years considered, 56.67% of the rainy seasons were dry and 43.33% were wet (2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014)(2015). The modelling approach is applied over 1986-2006 and 2007-2015 periods-considered as typical dry and rainy years-and applied over the future, with forecasts of climate change scenarios in 2034. The results show a decrease in potential yield during dry and slightly wet years. The yields of rain-fed rice will be generally low between 2016 and 2027. Deficits are observed over the entire study area, in comparison with the potential yield. Thus, this situation could expose the population to food insecurity.
Introduction
The rainfall in Sub-Saharan Africa is characterized by strong variability [1] . The drought recorded in the 1970s and 1980s has greatly affected the population as well as the economies and the ecosystems of the West Africa geographical area [2] [3] [4] . The drought observed in the Sahel during this period had no equivalent in the spatial dimension. Some of the striking illustrations of this drought are the southward displacement of isohyets by about 200 km over the whole region, and the dramatic shrinking of the area occupied by free waters in Lake Chad [5] . The recent study on interannual and intra-seasonal variability of precipitation in West Africa revealed that most Sub-Saharan countries are still experiencing phenomenal precipitation patterns [3] .
The sector affected most is agriculture, through land degradation, decrease in productivity of crops, livestock and water resources [6] . The strong dependence on rain-fed agriculture implies exposure to climate variability in addition to the impact of the population growth on food security. It is clear that higher temperatures associated with greater variability in precipitation had caused malfunctions of agricultural seasons, disruption of the biological cycles of crops and damage to agricultural production. In the Sub-Saharan area, the regional distribution of crops follows the distribution of water, soils, and floodwater availability [7] . This water is obtained directly from rainfall, but the source of water is also climate-dependent.
Traditionally, rice has been the main staple food from the Gambia through western Cote d'Ivoire, and along the banks of the Niger River in Mali and Niger.
In Mali particularly, millet, sorghum, peanuts and rice are traditionally the principal staple food. In 1973-74, rice policy in West Africa was at crossroads because of the unanticipated drought events. In effect, many projects have been implemented in order to increase agricultural production [7] . The specific objectives of the projects were to boost agricultural production in order to reduce food insecurity. The success of these projects was based on irrigation method to control flooding. This supposes that there would be enough water available.
However, weather hazards are characterized by late and poor rainfall distribution over the period, and/or late/or early recession of floods has constituted the major obstacle to the success of agricultural projects implemented.
On the other hand, during the last two decades, many efforts were deployed to investigate the variability of the West African Monsoon (WAM) and its impacts in order to improve prediction of the impacts of its variability on West African agriculture [8] [9] . Its impacts have highlighted the importance of monitoring the Sahelian rainy season [8] [10] . A centre of excellence named AGRHYMET, forecast other characteristics of the rainy season-beginning and duration of the rainy season, and the potential duration of the dry spells during the critical growth stages of the major crops-that are relevant for rain-fed agriculture [5] . Generally, this prediction is available seasonally.
The variability and uncertainty of climatic conditions has drastic effect (low yield) on crop production, particularly on rice. This study, therefore, aims to analyze the rainfall variability and its impacts on rain-fed rice production in Office Riz Mopti region for the next ten years. The study of this variability and effect on the production will help for future planning to avert the effect of climatic change. A better understanding of present and future crop production will result from critical modelling with robust climate and agrometeorological models. The simulations in the Mopti region based on agrometeorological models enable the analysis of the response of crop to rising temperatures and rainfall variability.
The first step of this study consists of an assessment of land use and land cover in this area during the last decades. Remote sensing technology could provide efficient methods for managing natural resources and monitoring environmental changes. Satellite imagery gives an effective platform to detect land use and land cover change over a period of time [11] [12].
This paper is therefore aimed at analyzing the climate variability with a focus on field meteorological dataset between 1986-2016 periods and forecasting the impact of the climatic parameters on the yield of rain-fed rice production on Mopti region. The projection of the rice production is obtained by using climate and agrometeorological models. So, the purpose of this paper could be summarized as follows: satellite imagery, field experimental meteorological data and the methodology for the future climate and crop simulations are described in Section 2. The results and discussions are presented in Section 3. 
Data and Methodology

Site Area
Sources of Data
The data used in this study are from satellite imagery and archived meteorology data, rice productivity, yield, rice varieties and rice phenology.
Satellite Images
This study is undertaken by using four digital images from the Landsat satellite (Table 1) is used to improve the perception of geographical objects by increasing the contrast and reducing the other themes.
Supervised classification from the coloured composition of the images is carried out using Maximum likelihood algorithm in ENVI 5.1. The supervised classification technique is preferred because the data of the study area is available and we have a prior knowledge of the area which will aid the classification. The images are then filtered through the convolution filter of Lee to improve the classification. This step is followed by the analysis of the land use, land cover change and the realization of the detection change matrix which results from the comparison between the pixels of the classification for two different dates [18] .
Change detection statistics is computed in percentage to assess the change in land use and land cover from 1986 to 2016 according to Equation (1). This provides a percentage difference in images, thus quantifying the resultant change.
Post classification confusion matrices were generated to obtain an accurate assessment.
where: Tc = mean annual rate of spatial expanding (%). S 1 and S 2 represent the surface area at the date t 1 and t 2 respectively (t = t 2 − t 1 > 0).
The global rate change Tg is computed as follow: Tg is commonly used in land change studies [19] .
Meteorological Data
Monthly rainfall, minimum and maximum temperature, relative humidity, insolation, mean wind speed and potential evapotranspiration data spanning the period of 1986-2015 were obtained from the Direction de l'Agence de la Météorologie du Mali (DAMM).
Other in Situ Dataset
Other 
Future Climate and Crop Simulations
The rainfall variability is analyzed by using Hanning filter to highlight interannual fluctuations and the standardized precipitation index (SPI) that describes both short-term and long-term impacts of drought for different time scales [20] [21].
In climate change study, there is always a question of whether the probability distribution remains constant or changes. Among the existing tests, the Pettitt test is one of the widely used tests in sensitivity correlation and linear trends [22] . The non-parametric test of Pettitt is carried out to study the stationarity of the time series and to determine the significant break in the series. This test allows the detection of a single shift at an unknown time t [23] . [28] . Then, the potential yield is performed for each culture following the climate conditions of the considered year and the pedologic context.
The yield reduction (Ky) is obtained through the CropWat model. In this study, the Gambiaka Kokoum variety (production ~ 5 t/ha) is used.
Results and Discussions
Multi-Temporal Images Classification of Land Cover and Land Use Based on Landsat TM and OLI Imagery
Landsat The accuracy of classified images was assessed using confusion matrices ( Table 2 and Table 3 ). Most of the classified pixels associated with water, rice fields and settlements classes have a high percentage of overall accuracy. The overall accuracy of the classification in 1986 is 90.39% followed by 99% in 2016.
The classification results suggest high accuracy of remotely sensed data and reference data, where 80% accuracy results indicate strong agreement of Kappa values [29] . Vintrou [12] found crop accuracy between 66% and 75% when using MODIS imagery classification in Mali. The largest source of error in all the images is the confusion settlements and bare soils. The accuracies are around 43% and 33% respectively in 1986 and 2016. One challenge in classifying land use and land cover in semi-arid region is the difficulty of accuracy in isolating the radiometric reflectance caused by vegetated cover from that caused by soil since the vegetation in such areas is typically sparse [30] . Knick et al. [30] noted also that sparse vegetation classes derived from satellite data contribute little to total radiation reflectance by satellite sensors in semi-arid regions. Bertelsen et al. [31] have compared 4 classification methods on Landsat 7 (ETM+) of Madiama (Mali) and
concluded that using maximum likelihood and minimum distance achieved the best classification in this area. fields. An increase in rice fields is noticed from 1986 to 2016 along with a noticeable decrease in bare soil. Table 4 indicates that it is likely the bare soils and water surfaces were converted to cropland. In reference to Table 5 , many efforts were deployed to extend the rice cultivated fields between 1986 and 2016. This table shows that the global rate change Tg is very high for the settlement between 1986 and 2016 (around 246%). According to [24] , one of the consequences of the drought is the rapid deforestation of the sahelian zone resulting from the resettlement of nomadic people after losing their cattle. This had led to an increase in the human activity, such as increase the area devoted to crops in the Sahel since 1970, inducing an expansion of agriculture into areas poorly suited for crops [6] .
The rice yield reported by [7] in the Mopti region from 1961 to 1976 was generally lower than 1.5 t/ha ( Table 6 ). The spatial extent of rice fields results also from the land degradation that occurred in the north between Gao and Mopti.
According to [31] , the major causes of land degradation stems from climatic conditions, include an arid environment and low and irregular rainfall patterns (climatic processes such as wind and water erosion). The aridity is becoming pronounced due to a reduction in the mean annual rainfall. 
Rainfall Variability
The analysis of the climatic periods is based on the Standardized Precipitation Index (SPI) usually carried out to quantify wetness/dryness of a given rainy season, with respect to the climatology [21] . This index is often used in a very simplistic way by assessing that the rainy season is wet if the SPI > 0 and dry if the SPI < 0 [21] .
The SPI carried out during the 1986-2016 period reveals that over the 30 years considered, 56.67% of the rainy seasons were dry and 43.33% were wet ( Figure   4 ). Figure 5 shows the variation of the SPI from 1986 to 2016. Two periods are clearly identified: 1986-2006 was dry and 2007-2015 corresponds to a wet period.
The annual mean rainfall recorded during 1986-2015 is equal to 439.7 mm during the rainy season. Olivry et al. [32] reported a rainfall mean value of 415 mm at Mopti. The annual rainfall at the six regional capitals during a 30-year period is in Table 7 [7] . During this period, the annual rainfall recorded at Table 7 . Annual rainfall at the six regional capitals in Mali from 1950 to 1980 [7] .
Site Annual rainfall (mm)
Gao 260
Mopti 520
Kayes 720
Segou 720
Bamako 1050
Sikasso 1300
Mopti was 520 mm showing a decrease of 100 mm compared to those recorded during 1986-2015. In Figure 6 , an alternation between wet and dry years from 
Analysis of the Climatic Trend during the Next Twenty Years and Its Impact on Yield Rice Cultivation
The main objective of this section is to determine the climatic trend for the next twenty years in the Office Riz Mopti region and predict the yield rice under this climatic condition. The climatic trend is provided by the global climatic model The temperature and precipitation patterns are investigated by using both observational and modeling data. Table 8 and Table 9 give the mean interannual precipi- However, we must keep in mind that those results can be biased by errors resulting from the representation on ENSO events in the model. The ENSO events impact in West African countries close to the position of the ITCZ by drying these zones during the summer to early autumn as well as from winter to early spring [24] .
The potential yield of the rice production in the Office Riz Mopti based on the optimal condition is 5 t/ha. In order to evaluate the climatic variability on the yield, we have considered two climatic situations characterized by (dry) and 2006-2015 (humid) periods. The agroclimatic model CropWat was run to simulate the yield of rice production when considering the two climatic conditions. The potential yield decrease is 77.9% and 37.7% respectively during the dry and wet conditions (Table 10) . So, the yields computed under the dry climatic condition is 1.105 t/ha and 3.115 t/ha in a wet situation. The yield obtained under the dry climatic condition can be compared with that reported by [7] in 1961-1976 (see Table 6 ). This table shows that the yields were low, between 0.527 t/ha to 1.341 t/ha. Note that the minimum, which corresponds to 0.527 t/ha, was recorded in 1973 during the severe drought experienced in Mali. These values reported in Table 6 are in accordance with that obtained under the dry climatic conditions simulations. The values reported in this table show the rice yields remained very low (lower than 1.5 t/ha) even in the persistence of wet years (1950) (1951) (1952) (1953) (1954) (1955) (1956) (1957) (1958) (1959) (1960) (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) . So, the role of the soils should not be ignored. Soils of the office du Niger are essentially acid with average pH below 6.5, the optimum pH for rice and most vegetable crops [35] . The decline in rice yield observed is exacerbated by land degradation in this area. The natural fertility of soils is low; organic matter is lacking and soils are deficient in nitrogen, phosphorus and sulfur. This ecological belt is now the most degraded in Mali as a result of cultivation on marginal soils, salinization, overgrazing, water and wind erosion and the removal of crop residues [35] . Natural moisture infiltration is poor due to the combination of high rainfall intensity and low absorptive capacity of soils [36] . The outcomes of the climatic model HadGEM-2 provide the input parameters for the agroclimatic model CropWat for 2015-2034 periods. The prediction of the yield for the year 2027 is estimated at 0.855 t/ha based on CropWat model (Table 11 ). In comparison to those obtained during the dry and the wet climatic conditions, this value is low. Recent studies of the CILSS/AGRHYMET [6] have shown that yields of crops such as millet/sorghum will fall by over 10% when there is a +2˚C increase in temperature and insignificant rainfall variations in 2050. Simulations conducted across the globe [25] show a relatively large decline (from 20% to 50%) of cereal crops throughout the Sahel, from Niger to Senegal in 2050. Since the '70s, the principal objective of Malian rice policy has been to achieve national food security [7] . We hope that AGRHYMET will contribute significantly to tackle challenges related to population growth and all climate hazards, including climate change impact assessment on agriculture and water resources, as well as adaptation studies [5] . Increased rice production with reliable methods of water control and soil management could be an important way to ameliorate the security food in Mali. The vast potential of rain-fed agriculture needs to be unlocked through knowledge that is based on the management of natural resources for increasing productivity and income to achieve food security. This work needs to be improved as it is unusual to integrate remote sensing imagery, in situ measurements and models in such studies. As pointed out by [37] , very different sources of uncertainty are involved including scenario uncertainty, model uncertainty, and model internal variability. A critical issue in climatic change impact studies on rain-fed agriculture requires an estimation of the contribution of different uncertainties sources. 
Conclusions
The drought that occurred in the West African Sahel during 1970s-1980s was exceptional by its severity and its spatial extent. In Mali, food crops are mainly rain-fed and dominated by grains like rice, sorghum, and maize. The effects of the variability and uncertainty of climatic condition have exposed the population to severe water scarcity, leading to major food and health crisis. The present study is a contribution to the understanding of climate variability, and its impact on the yield of rain-fed rice in the Office Rice Mopti area in Mali. It consisted of quantifying the land use/land cover change over the years based on remotely sensed data, characterizing climate variability, analyzing its evolution by 2034 and evaluating its impact on rain-fed rice cultivation. Results from 1986 and 2016 images classification showed a more consistent change. There is a significant increase of rice fields from 1986 to 2016. The increase in the area devoted to rice fields in the Mopti region is the consequence of the drought observed in the Sahel since 1970 and possibly due to land degradation in this area. The characterization of climate variability based on application of the Nicholson index method and the 2nd order Hanning low-pass filter method to the long-term rainfall series allowed the identification of dry and wet (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) during the study. The rainfall and temperature predictions in the Office Riz Mopti zone derived from the HadGEM2-ES model reveal a positive trend of about 58 mm of rainfall over the 2015-2034 periods and a temperature increase of 1.5˚C over the period 2015-2034. Modelling of the most popular crop yields in the Mopti Riz zone has covered both the historical period-targeting typical years (dry and wet)-and future projections (2027). Over the historical periods, there is a decrease in the potential yield of different crops during dry years and a slight decrease during wet years. The rice yield obtained under the dry climatic condition is low (around 1.105 t/ha). This value is comparable to that reported in the 1960s. The predicted yield is estimated at 3.115 t/ha in 2027. The relatively low yield values could be primarily attributed to the climate conditions but it is also the consequence of land degradation in the Mopti area. Considering climate change scenarios, a fall in potential yields is generally predictable under the Rcp 8.5 scenario. This study is the first investigation carried out by integrating field data, models and satellite images into Mopti Rice Office area in Mali. It could provide a better understanding of the impact of climate change on rice production and could serve as a decision support tool for food security.
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